Radioactive Cs is a major by-product of nuclear power plants, with high radioactivity and long half-life. It is highly soluble in water and is difficult to remove. In this study, pristine graphene oxide (GO) synthesized via a Hummer's method has been demonstrated as a very efficient Cs sorbent with the maximum adsorption capacity of GO found to be 180, 465, 528 mg Cs/g sorbent at pH of 3, 7, and 12, respectively. The results from Fourier-transform infrared (FTIR) spectroscopy of GO before and after Cs sorption at various pH values reveal the mechanism of Cs sorption by GO. Several functional groups which are carboxyls, phenols, and hole defects containing multi-ether groups, are shown to play an important role in Cs capture. GO's affinity for other major cations found in seawater, namely, Na, K, and Mg was also evaluated, and the effect of these cations in competing with Cs for adsorption on GO was also studied. This reveals GO's exceptional ability in capturing Cs even in the presence of high concentrations of competitive cations and its high potential for use in Cs decontamination, as well as other heavy metal removal applications.
Introduction
Cesium is one of the main radioactive nuclides that was released following the Fukushima nuclear accident and is considered very hazardous due to its long half-life of 30 years and high radioactivity. 1, 2 It is also one of the major ssion products generated during operation of most current nuclear power plants and has been involved in many nuclear accidents in the past. 3 Much effort has been invested in cleaning up radioactive Cs from contaminated environments. 4 Cesium is a group-I alkali metal and is highly soluble in water, making it difficult to remove from contaminated water.
Several Cs sorbents with high specicity have already been extensively investigated, such as zeolites, 5 calixarene, 6, 7 aluminum molybdophosphate, 8 crystalline silico-titanate, 9, 10 and Prussian-blue type hexacyanoferrate. 11 However, these sorbents such as those of calixarene and crown ethers are quite difficult and expensive to synthesize. Zeolites and clay minerals tend to have low to moderate sorption capacity. Prussian blue which shows good Cs sorption capacity, tends to decompose in an alkaline environment at a pH above 10.
12 Crystalline silicotitanate sorbents also took long synthesis time mainly due to its highly crystalline structure. 9 In view of this, simple and efficient sorbents that can function across a broad pH range are still needed.
Graphene oxide (GO), which can be easily synthesized from the oxidation of graphite, offers a high potential for use in adsorption applications. GO contains a large amount of oxygenated functional groups, such as epoxide, carbonyl, carboxyl, hydroxyl, and phenol groups and should therefore be ideal for sorption of metal cations. 13, 14 Its aromatic basal plane region is also suitable for trapping of hydrophobic organic molecules. 15 Graphene oxide with a layered structure has been shown to have good ability to bind with many heavy metals, such as Pb(II), Cd(II), Cr(III), [15] [16] [17] [18] and several polyvalent radionuclides, such as Sr(II), Am(III), Pu(IV), and U(VI).
19-21 GO demonstrates a very high ability to capture polyvalent cations with sorption capacity in the range of few mmol Cs/g.
The use of GO in capturing group-I alkali cations such as Cs(I) has also been demonstrated although typically in combination with other sorbent materials or with chemically modied GO. [22] [23] [24] [25] Sun et al. demonstrate the use of polyaniline-graed GO to have Cs sorption capacity of about 1.39 mmol Cs/g of the composite sorbent. The high capacity was attributed to the graing of polyaniline which reduced GO's aggregation. However, the graing is well known to have also reduced the reactive sites of GO that can potentially be used for adsorption. The active sites on GO that can adsorb the cations may also serve as the active sites for graing, or for binding with the composite material, which would decrease the number of useful sites for cation adsorption. GO has also been synthesized with Prussian blue (PB) and magnetic nanoparticles (MNP), where the iron of the PB or MNP were bound to the functional groups on the GO sheets. [22] [23] [24] [25] The Cs adsorption of such composite GO was usually shown to be quite small, on the order of a few tens of mg Cs/g sorbent which could be because of the blocking of Cs sorption sites upon composite's formation. In fact, pristine GO itself may have quite high ability to adsorb Cs, if its active functional groups are not occupied by graing or by bonding with the composite materials of other compounds. The use of pristine GO without the complications of adding other compounds also makes the synthesis and large scale production of sorbent materials to be very simple and economical.
In this work, pristine graphene oxide prepared via a simple modied Hummer's method is demonstrated to possess a very high Cs sorption capacity of more than a few hundred mg Cs/g GO over a broad pH range. The GO was characterized and tested for physical and Cs adsorption properties using a range of techniques, which are XRD, SEM, FTIR, zeta potential analysis and ICP. FTIR spectra of GO sorbent taken before and aer Cs sorption at various pHs help to reveal the mechanism of Cs sorption by GO. GO's affinity for other major cations found in seawater, namely, Na, K, and Mg were also evaluated, and the effect of these cations in competition with Cs was also studied both in simulated binary solution and also in seawater matrix.
Materials and methods

Materials
All reagents used in the synthesis were of analytical grade and used as received. Graphite powder was obtained from Acros Organics (synthetic origin, >99% purity). Graphene oxide was prepared according to that of the modied Hummers' method 26 In brief, 3 grams of graphite powder and 1.5 grams of NaNO 3 were mixed together followed by the addition of 69 mL of concentrated H 2 SO 4 (98% w/w). The mixture was then placed in an ice bath and 9 grams of KMnO 4 was added into the mixture under vigorous stirring for 30 min. De-ionized water (130 mL) was added slowly causing the temperature of the mixture to increase. The mixture was le to cool down to room temperature followed by addition of the hydrogen peroxide in aqueous solution (6% w/v). The oxidized graphite was then separated from the solution by centrifugation at 4000 rpm for 10 min. The obtained gel-like graphene oxide was washed by centrifugation with the concentrated hydrochloric acid (HCl, 35.4% w/w) once followed by copious amount of de-ionized water. The obtained GO gel was then dried in a vacuum oven at 40 C for 48 h.
Characterizations
The dried GO lms were characterized for their morphology using the eld-emission scanning electron microscope (FE-SEM, JEOL JSM-7800F) operating at a voltage of 5.0 kV. Fourier-transform infrared (FTIR) spectra of the GO lms were taken in an attenuated total reection (ATR) mode by co-adding of 32 scans over the spectral range of 500-4000 cm À1 at a resolution of 4 cm À1 (Nicolet iS5 equipped with a diamond crystal ATR). For each sample, at least 3 spectra from different locations of the GO lms were measured to ensure a good representative of the whole lm. The zeta potentials of the GO suspension were measured using the zeta sizer (Malvern Nano-ZS90). The measurement parameters were as follows: medium refractive index of 1.330, medium viscosity of 1.0 mPa s, and a relative dielectric constant of 80.4. The X-ray photoelectron spectroscopy (XPS) measurements of the GO samples before and aer contact with Cs were performed using PHI 5000 Versa Probe II XPS system (ULVAC-PHI, Japan) with Al K-alpha radiation at the SUT-NANOTEC-SLRI joint research facility, Synchrotron Light Research Institute (SLRI), Thailand. The Raman spectra of the GO lms were obtained using a Perkin Elmer System 2000 Fourier-transform spectrometer equipped with an FT-Raman accessory. The spectra was recorded in the range of 400 to 4500 cm À1 with 2 cm À1 resolution using a 532 nm laser excitation with the excitation power kept low to avoid any laser induced damage to the samples.
For adsorption experiments, the metal ion concentrations were analysed using an Inductively-Coupled Plasma (ICP) spectroscopy (PerkinElmer Optima 8000, emission mode).
Sorption experiment
The GO were tested for Cs sorption performance in batch mode by dispersing 20 mg of the GO akes in 10 mL of Cs solution prepared from CsCl at various concentrations. The Cs stock solution was prepared by dissolving CsCl (Merck, 99.99%) in deionized water at various concentrations from 10 to 10 000 ppm. The samples were placed in a polypropylene vial for 24 h at room temperature (27 C) using a rotary shaker under an agitation speed of 200 rpm. The GO adsorbent was separated from the solution using centrifugation at 4000 rpm for 5 min, and the supernatant was collected for metal concentration determination using Inductively Couple Plasma (ICP) spectroscopy (PerkinElmer Optima 8000, optical emission). The measurement was done in triplicate using samples prepared in three separate polypropylene vials and the average value was reported. For reference, stock solutions without GO sorbent were prepared and treated under the same conditions and run in parallel in every batch. The amount of Cs adsorbed to the wall of these vials was found to be negligible at all concentrations studied. The adsorption isotherm was constructed from a plot between Q e versus C e , where Q e is the equilibrium amount of Cs adsorbed onto the sorbent (mg Cs/g GO) and C e is the equilibrium amount of Cs in the solution (mg L À1 ). Q e was calculated from Q e ¼ (C 0 À C e )V/m where m is the mass of the dried sorbent, V is volume of the solution, C 0 and C e are the initial and nal Cs concentrations in the solution aer sorption. For contact time study, the supernatant was taken for Cs concentration determination aer an elapse time of 5 min, 0.5, 1, 2, 4, 8, and 24 h. Effect of pH on Cs sorption efficiency was studied from pH 1 to 12 with an incubation time of 24 h. The pH of the solutions was adjusted using either 0.1 or 0.5 M HCl or NaOH solutions. The stock CsCl solutions without addition of GO were also adjusted using the same amount of HCl or NaOH and were used as references for initial Cs concentration. The adsorption affinity of GO for Cs and other metal cations was evaluated and presented in terms of the distribution coefcient, K d (mL g À1 ), which is the ratio between the concentration of the cation adsorbed on the sorbent to the concentration of the cation remained in the solution at equilibrium. The K d value can be calculated following the expression:
, where parameters are the same as above. For competitive cation experiment, chloride salts: NaCl, KCl, and MgCl 2 were employed. The concentration of Cs was xed at 1 mM, while the concentrations of competitive cations varied from 1 mM up to 10 mM for K, 50 mM for Mg, and 1000 mM for Na, in accordance with their mole abundance in natural sea water. The K d values of Cs in the presence of these competitive cations (binary solution) were then measured and reported. The K d values of each cation in the binary cation solution at their initial equimolar ratio can be used for comparing the GO's cation selectivity. The ratio of their K d values in a binary cation solution, known as the separation factor,
resin , between the two cations A and B in solution yields directly the selectivity of GO for one cation as compared to the other cation. The Cs sorption performance of GO was also evaluated in the natural sea water matrix. The seawater was collected from the sea in Petchburi province of Thailand. The pH of the seawater was 8.0 and the major cation composition determined using ICP was: Na (430 mM), Mg (54 mM), K (16 mM), and Ca (10 mM). The seawater was ltrated by 0.2 mm syringe lter, spiked with Cs and contacted with GO for 24 h.
Results and discussion
Morphology of the synthesized graphene oxide
The synthesized GO has a gel-like appearance, which upon drying forms a lm. The morphology of the lm, investigated using SEM, is shown in Fig. 1(a) . The lm consists of several graphene oxide sheets packed together. This can be seen in (b) at higher magnication on some of the rough edges on the surface where the GO sheets have protruded out of the surface, revealing their underlying sheet-like structure. These micronsize sheets then packed together forming a lm, as seen in Fig. 1(a) . The X-ray diffraction pattern (XRD) of the synthesized GO is shown in the ESI Fig. S1 . † A broad peak around a 2q angle of 10.1 degree, corresponding to the average spacing between the graphene oxide layers of about 0.87 nm, was observed. The typical graphite XRD peak at 26.5 could not be observed, indicating that the oxidation and exfoliation of the initial graphite has been quite complete, and most of the morphology seen in the SEM image here is due to the graphene oxide rather than the initial graphite powder.
FTIR spectra
To further characterize the synthesized GO, FTIR spectra of GO at various pH values were examined. Fig. 2 shows FTIR spectra of the GO in solutions of pH 3, 7, and 12. At pH 3, the GO clearly shows distinctive bands at 1718, 1620, 1412, 1225, and 1067 cm À1 . The band at 1718 cm À1 is assigned to undissociated carboxylic acids and aryl ketone functional groups. 27 This band can still be observed at pH 7, but disappeared completely at pH 12, indicating the deprotonation of the carboxyl groups at an alkaline pH. This is in concert with an appearance of a shoulder band at 1580 cm À1 as a result of the increase in the pH value.
This band is associated with the asymmetric stretching mode of sodium carboxylate groups, generated from the conversion of carboxylic acids by reacting with NaOH. The shi of a weaker band at 1412 cm À1 , associated with the symmetric stretching mode of the carboxyls, to a lower frequency around 1365 cm
À1
upon increasing pH also indicated the deprotonation of the carboxyl and the formation of the corresponding carboxylate salts. It is also noted that the 1580 cm À1 band may also be due to the C]C vibration, indicating that the conjugation or aromaticity of the GO is increased as the pH is raised. 28 In addition, a broad band located at 1620 cm À1 originates from several overlapping vibrational modes, but the dominant one here is that due to the -OH bending mode of water molecules trapped in the GO lm.
The sharp band at 1225 cm À1 is assigned to the C-O stretching vibration of epoxide groups. This vibration mode is highly sensitive to the environment and completely disappears upon increasing pH. This is likely because the epoxide groups Fig. 1 Morphology of the GO film formed upon drying. on the GO surface may have been dissociated into hydroxyl groups in the presence of a high concentration of electrophilic OH À at alkaline pH. 29 The broad band at 1067 cm À1 is assigned either to the C-O stretching vibration of primary alcohol or ether R-O-R vibration. However, most of the hydroxyl groups in GO are attached to the basal plane or to aryl rings (phenol). 29 As a result, their C-O vibrational mode should appear at around 1260 cm À1 rather than at 1067 cm À1 , which is also observed in the spectrum at pH 3 as a small bump next to the epoxide band. The band at 1067 cm À1 most likely originates from the ether R-O-R vibration in the GO structure, possibly from various oxygen at the edge and hole defects generated on the GO sheets during the oxidation process. [28] [29] [30] The C-O band at around are 1067 cm À1 is also slightly shied to a lower frequency as the pH is increased. This may be due to the addition of alkaline Na + into the system which can interact with the ethereal oxygen causing a slight shi to lower frequency. 31 J. Guo et al. have also shown the abundance of holes created on the GO sheets upon oxidation. The hole edges were observed to be decorated with oxygen atoms, forming a crown ether-like structure. 32 The C-O vibration of these crown-ethers appear in this region of the FTIR spectrum. 31, 33 3.3 Zeta potential of GO Zeta potential (ZP) is an electrical potential arising from the charges on the surface of particles suspended in solution.
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The ZP of GO as a function of pH and Cs concentrations are shown in Fig. 3 . The ZP of GO is always negative even at a pH as low as 1 with the value of about À15 mV. The ZP of GO becomes more negative as the pH of the solution is raised to 4. This is possibly due to the dissociation of carboxylic acid and its derivatives that possess an acid dissociation constant (K a ) in this region. 27 The ZP then gradually becomes more negative at about À80 mV, as the pH is further increased to 12. Upon addition of Cs salt, the ZP becomes less negative. The higher the Cs addition, the more the decrease in the ZP, indicating the adsorption of Cs cations onto the GO negative surface, modifying its zeta potential.
3.4 Evaluation of Cs sorption performance 3.4.1 Effect of contact time. Fig. 4 shows the effect of contact time on the amount of Cs sorption onto GO at pH 3 and 12. The results indicated that cesium can be adsorbed onto GO very rapidly. The amount of Cs adsorbed rises rapidly in the rst 10 min and reaches equilibrium adsorption aer about 100 min of contact time. The Cs adsorption at pH 12 seems to reach equilibrium faster than that at pH 3. A contact time of 24 h was selected in the subsequent experiments for determination of the adsorption isotherm in order to ensure that equilibrium sorption has been reached. The ability of GO to adsorb Cs across a wide range of pH, especially at alkaline pH, is a desirable feature. Most popular Prussian blue (PB) type sorbents cannot adsorb Cs beyond a pH of about 10 due to their degradation at high pH. The highest cesium binding on PB is at pH of ca. 7.5.
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Clinoptilolite and other zeolitic type sorbents as well as most alumino-silicate sorbents degrade or dissolve at high pH making them unsuitable for treatment of Cs in high alkaline conditions. The rather steady increase in the Cs sorption with pH of GO, rather than a sharp rise at a certain pH value, signies that there are probably a broad range of functional groups that gradually take part in Cs sorption as the pH is increased. B. Konkena et al. reported that GO possesses about 3 distributions of pK a values centered at pH 4.3, 6.6, and 9.0 respectively. 27 Our observed rise in the Cs removal efficiency qualitatively agrees with GO having several functional groups. When the pH is increased, these functional groups become more deprotonated and participate in Cs adsorption.
3.4.3 Adsorption isotherm. The performance of GO as a function of Cs concentrations and also pH are evaluated using the adsorption isotherms, as shown in Fig. 6 . The adsorption Fig. 3 Zeta potential of GO as a function of pH and Cs concentrations. Fig. 4 Amount of Cs adsorbed onto GO as a function of contact time.
isotherm is the plot between the equilibrium Cs concentrations in the solution (C e ) to the equilibrium amount of Cs adsorbed onto the sorbent (Q e ). From the gure, it can be seen that the amount of Cs adsorbed increases with increasing concentration in the solution. At pH 3, the maximum amount of Cs adsorbed is about 180 mg Cs/g GO. As the pH is increased, the maximum adsorption capacity is also increased, reaching the maximum adsorption capacity of about 528 mg Cs/g GO sorbent (3.8 mmol Cs/g GO) at pH 12. For comparison, the Q m for hexacyanoferrate Prussian blue and several Cs sorbents are in the order of 10-300 mg Cs/g (Table S1 of ESI †).
In order to describe the adsorption isotherms further, the Langmuir model which assumes a uniform monolayer adsorption was tted to the isotherm data. The Langmuir model is expressed as Q e ¼ (Q m kC e )/(1 + kC e ) where Q m is the maximum adsorption capacity, and k is the affinity constant. . This value is also quite comparable, or slightly smaller, to that of typical hexacyanoferrate which has affinity constants in the range of about 10
, but may not be as good as those of crown ethers, where the affinity has been found to be as high as 2.2 L mg
À1
. 34 However, the synthesis cost of GO may be much cheaper than those of crown ethers.
Characterization of GO aer Cs sorption.
To further investigate the mechanism of Cs sorption by GO, FTIR spectra of GO before and aer incubation in Cs and the corresponding difference spectra at pH of 3, 7, and 12 are shown in Fig. 7 . For GO at acidic pH, where Cs sorption is quite low, the FTIR spectrum of GO aer Cs incubation remains largely unchanged. The negative band at 1620 cm À1 in the difference spectrum is mainly caused by a decrease in the trapped water content between the two samples. A slight increase in intensity of the band centered around 1030 cm À1 , corresponding to the Cs + associated C-O stretching, indicates that at low pH, some C-O functional groups may be responsible for the Cs adsorption of GO. Fig. 7 (b) and (c) show the spectra of GO incubated at pH 7 and pH 12, respectively. At the neutral pH, a major spectral change aer incubation with Cs occurs at around 1340 cm À1 , which corresponds to the binding of Cs to carboxylate functional groups. In addition, another positive band at 1270 cm
À1
is observed. This is a characteristic band of the C-O stretching mode of tertiary or aromatic alcohols, such as that of phenol.
35
Since GO is known to possess a large number of phenol and hydroxyl groups connected to the basal plane, 28 this phenol group may start to deprotonate and take part in the adsorption of Cs.
At pH 12, where GO shows the highest capacity for Cs sorption, the difference spectrum shows a bimodal negativepositive pattern at 1600/1580 cm À1 , which is characteristic of the asymmetric stretching mode of carboxylate salts. This indicates that the Na cation bound to GO at pH 12 may have been replaced by the heavier Cs cation causing the downshi in vibration frequency. Additionally, other functional groups may also contribute to the band intensity in this region. It has been shown that GO also contains a large number of phenol groups as well as the -OH attached to the basal plane.
28 B. Konkena et al. have shown through pK a measurements that GO possess at least 3 pK a regions around pH of 4.3, 6.6 and 9.0. The former two correspond to various carboxylate functional groups on GO, while the latter one corresponds to the hydroxyl or phenol groups. As a result, at pH 12, it is possible that these phenols or the hydroxyl connected to the basal plane may have dissociated into the phenolate anion which has metal cation binding ability. 36, 37 The binding of a cation to the phenolate anion typically results in the downshi of the aromatic ring vibration to around 1580 cm À1 , as has been observed. 38 The notable peak shi observed here in the difference spectrum may be the result of contributions from both the carboxylate as well as the phenolate anions. Their symmetric stretching modes are also visibly seen as a broad band in the region of 1365-1200 cm À1 .
It should also be noted that across the pH range, the increase in intensity of the 1030 cm À1 band, assigned to the ether C-O-C stretching vibration, is consistently observed. This indicates that the ether C-O-C groups also interact with the Cs cation. This C-O-C may be originated from hole defects on the graphene oxide sheets where the hole edges are decorated with oxygen atoms. 30 J. Guo et al. have reported observations of several sizes of crown-ether hole defects on the GO sheets using high resolution scanning transmission electron microscope.
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These crown-ether type hole defects in GO were also shown to be able to bind strongly to metal cations. 32 Our observation of the positive difference band centered around 1030 cm À1 may also signify this Cs sorption mechanism by the ether hole defects on the graphene oxide sheets. Based on these FTIR results, a model illustrating various functional groups and defects that may be responsible for the Cs adsorption by GO is depicted in Fig. 8 .
To investigate the mechanism of Cs binding to GO further, the X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy measurements of the GO samples before and aer Cs sorption were also performed and are shown in Fig. 9 . Fig. 9 shows the XPS survey spectrum of the GO sorbent aer Cs sorption, the present of cesium Cs3d peaks can be clearly observed at the binding energies of 723 and 737 eV for the Cs3d 3/2 and Cs3d 5/2 electrons respectively. Fig. 9(b) shows the C1s spectra of the GO sorbent before and aer Cs sorption. The spectrum can be deconvoluted into three major peaks at 288.4 eV, 286.2 and 288.8 eV, corresponding to the C-C, C-O and O-C]O species, respectively. It can be seen that the C1s XPS spectra are very similar in both the GO and GO aer Cs sorption samples. The center binding energy and the atomic fraction (AF) of each species are also shown in the Table 2 . The O1s spectra for GO and GO aer Cs contact were also very similar. No signicant chemical shis in the O1s spectra could be observed aer Cs sorption. This is also in the same trend as that in the work by S. Tas et al. 39 where they have measured XPS spectra of alkali cations adsorbed onto the crown ether graed polyacrylonitrile ber, but no signicant shi in the C1s or O1s spectra of the spent sorbent could be observed.
XPS has been shown to be sensitive enough to detect interaction of many di-and tri-valent transition metal cations adsorbed onto the biomass sorbent e.g. in the work by M. Zhang et al. 40 where they have detected slight shi in the XPS C1s and O1s spectra. In this work, the XPS spectra of the Cs-adsorbed GO are rather similar to those of the neat GO and no signicant shi in either the C1s or O1s spectra could be clearly observed. This is probably due to the rather large size and facile charge of Cs cation in contrast to those observed in the interactions between GO, or cellulosic sorbent, with the di-and poly-valent cations.
The Raman spectra of the GO before and aer Cs sorption are also shown in Fig. 10 . There are two major bands in the Raman spectra. The band at around 1597 cm À1 is known as the G band corresponding to the in-plane C-C vibrational mode. The band around 1355 cm À1 , or the D band, are associated with the degree of disorder, and the oxidation degree of the GO sheet. 41 The intensity ratio of the D-to the G-band, I D /I G , can be used to indicate the degree of disorder in the GO sheets. This ratio changes from 0.88 in the GO sample to 0.93 aer contact with Cs. The Cs cation may interact with the oxygen defects in the GO structure causing the slight increase in the intensity of the D-band observed. In addition, the band at 1355 cm À1 is also slightly red-shied to 1349 cm À1 aer Cs sorption signifying that the oxygen defects in GO sheet may have some interactions with the adsorbed cation. The weak change in the Raman spectra as compared to that in the FTIR spectra indicates that GO interaction with Cs cations probably has the dipolar character which will show up strongly in the FTIR spectra but not sensitively detected by the Raman technique 42, 43 . 3.4.5 GO affinity for other cations and effects of their competition. It is also interesting to evaluate GO's affinity for other cations. The affinity of GO for different metal cations can be represented using the distribution coefficient, K d , which is the ratio between the concentration of the cations on the sorbent to the concentration of cations in the solution. The larger the K d value, the higher the preference for the cation to be distributed on the sorbent rather than in the solution. The K d values of GO for different cations are shown in Table 3 . The Fig. 9 XPS spectra of GO before and after Cs sorption. (a) Survey spectra showing the presence of Cs in GO after contact, (b) C1s spectrum of GO and its deconvolution, (c) comparison of C1s spectra of GO before and GO after Cs sorption, (d) O1s spectrum of GO and its deconvolution, (e) comparison of O1s spectra of GO before and after Cs sorption. Fig. 10 Raman spectra of GO before and after Cs sorption. 45, 46 which yields directly the selectivity of GO for one cation as compared to the other cation given the same initial concentrations of A and B in the solution. The larger the separation factor indicates the more preference of the sorbent towards cation A compared to that of B. Table 3 shows the separation factor of GO between the Cs + and the other cation in the mixed binary cation solution system. From both the K d and the separation factor values, it can be observed that GO has the highest affinity for the divalent cation Mg 2+ . This is as expected since the strong charge of Mg 2+ would be able to interact strongly with the negatively-charged functional groups on the GO structure. It is well known that the interaction energy between the group-II alkaline earth cations is much stronger than that of the group-I alkali metal cation. For the Na + and K + cations which have the charge of +1 similar to that of the Cs + , it can be seen that GO displays affinity for cations in the order of Cs + > K + > Na + . This is in the same trend of interaction as that observed in the Hofmeister series 47 that describes the interaction between ions and large macromolecules such as proteins. The mechanism underlying the Hofmeister series is still unclear but is thought to be linked to the hydration energies of the two opposite charge species.
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Strongly hydrated cations such as Na + or K + have a high energy barrier to break their solvation shells before they can interact with the functional groups on GO, making them less active when compared to Cs + . Another way to view this is that Na + is strongly hydrated and, as a result, possesses larger hydration radius, 49 and smaller surface charge density compared to that of Cs + . Na + therefore interacts less strongly to the oxygenated functional groups on the GO sheets compared to the Cs + . This result also agrees with the work by Tang and Allen 50 who observed the selectivity order in fatty acid salt using vibrational sum frequency probe that K + can interact directly with the carboxylate group while the Na + is solvent separated from the carboxylate group causing the binding of Na + to be less strong than that of the K + . It should also be noted that the selectivity order we observed here is also quite similar to the selectivity order of many polymeric cation-exchange resins, 51,52 whose selectivity order has also been explained based on the same trend of hydration radius and charge density of the hydrated cations as above. 46 In addition, the ether hole defects in GO sheet may also play important role in the observed selectivity of GO towards Cs cations. J. Guo et al. have also shown that large hole defects on GO sheets can bind Cs + stronger than that of Na + or Li + .
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The effect of these cations at higher concentrations in competing with Cs for GO's adsorption is also studied and is shown in Fig. 11 . In this experiment, the Cs concentration is xed at 1 mM, while the concentrations of other cations were varied up to or higher than their natural concentrations in seawater (Na $ 470 mM, K $ 10 mM, and Mg $ 50 mM). The performance of GO in the natural seawater has also been evaluated. The major cation composition of the natural seawater used was determined using ICP as follows: Na (430 mM), Mg (54 mM), K (16 mM), and Ca (10 mM). The distribution coefficient of Cs on GO in this natural seawater is still quite high with the K d value of about 48 mL g À1 . This is quite similar to the performance of GO in the simulated binary solution of Cs with Mg indicating that in the natural seawater matrix, the Mg 2+ may not be so competitive in binding to the GO's surface probably because of the binding of Mg to organic matters present in the seawater which prevent it from binding to the GOs surface. This indicates that GO can perform exceptionally well even in the real seawater in the presence of high concentration of competitive cations. In some practical situations, it may also be desirable to separate other di-and polyvalent radioactive cations such as Sr 2+ and UO 2 2+ that may be released with the radioactive Cs + .
One of the strategies that can be used to separate these polyvalent cations out could be to use the pH adjustment to basic pH prior to the Cs sorption. Sr 2+ , being an alkaline earth cation, will precipitate out at the pH above 10, while the UO 2 2+ will also undergo further hydrolysis at high pH becoming UO 2 (OH) 3 À , or UO 2 (OH) 4
2À
. 54 The negatively charged uranyl ions will no longer bind with GO. This should have enabled GO's selectivity towards Cs, which has been shown to be highest at the basic pH.
It is also worth mentioning that the sensitivity of GO to the group-I and group-II competitive cations is in the opposite direction to that of the Prussian-blue (PB) type sorbents. PB are usually not signicantly affected by the presence of divalent cations such as Mg 2+ and Ca 2+ due to its size exclusion effect.
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However, PB is very sensitive to the presence of Na + and especially K + , which can reduce its Cs adsorption signicantly. From the experiment here, the presence of both Na + and K + does not strongly affect the Cs sorption, while the presence of Mg 2+ moderately degrades the GO performance but could also be separated out using pH adjustment. GO may thus be a good complimentary to the commonly use PB type sorbents in situation where the background group-I cations are high such as that in seawater, or in the highly alkaline pH where PB degrades. GO offers also a high potential for use in emergency responses since it is easy and inexpensive to synthesize compared to the crystalline silico-titanate family of sorbents 56 that usually require long crystallization times.
Conclusions
Pristine graphene oxide (GO) has been demonstrated in this work to be very effective in the Cs sorption. The maximum adsorption capacity of GO is increased as the pH increases, reaching a maximum adsorption capacity of about 528 mg Cs/g GO at pH 12 due to the full availability of the active sites on GO sheets. GO possesses fast sorption kinetics, reaching 90% of its equilibrium sorption capacity in less than 60 min. FTIR spectra reveal various oxygenated functional groups including carboxyls, phenols, and the hole defects containing multi-ether groups similar to that of crown ethers to play important role in Cs capturing. The GO affinity for other common cations found in natural seawater were also found to be in the order of Mg 2+ > Cs + > K + > Na + . Although divalent cations such as Mg 2+ may inhibit GO ability to adsorb Cs quite strongly, most divalent cations can also be easily removed prior to Cs sorption using a simple alkaline pH adjustment and precipitation. The Cs removal performance of GO in the seawater matrix has also been conducted and showed GO's exceptional ability in Cs removal even in the presence of high concentration of other cations.
